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METHOD OF GENERATING TURBULENCE 
WITH INTRA-CYCLE COOLING FOR 

SPARK IGNITION ENGINES 

FIELD OF THE INVENTION 

The present invention relates to a Spark ignition, four 
Stroke, internal combustion engine and more particularly to 
a system for flow control into and out of the cylinders for this 
engine. 

BACKGROUND OF THE INVENTION 

Conventional Spark ignition, four Stroke, internal com 
bustion engines generally operate with intake and exhaust 
Valves in each cylinder actuated with a fixed timing relative 
to an engine crankshaft, and with a throttle Valve upstream 
of the intake valves to control the engine load by throttling 
the air flow. Further, the compression ratio of each cylinder 
is fixed regardless of engine Speed. This basic configuration, 
consequently, has drawbacks that limit the efficiency of the 
engine for most operating conditions, which others have 
tried to overcome. 
One drawback is that the load is controlled by throttling 

the air past the throttle Valve in order to operate at other than 
full load conditions. This, along with other restrictions of the 
air flow, creates pumping losses in the engine. One attempt 
to overcome the pumping losses is to provide for variably 
actuated intake and exhaust valves that allow for control of 
the intake flow, and hence load control, by varying the 
opening and closing of the valves rather than employing a 
throttle Valve. This does reduce the pumping losses and 
gives greater control of engine operation over a wider range 
of engine operating conditions. However, this Solution is 
limited by the fact that controlling the intake of the air/fuel 
mixture at low load and idle conditions will substantially 
reduce the compression ratio at those conditions, resulting in 
poor combustion characteristics for these load conditions. 
One Solution, then, is to increase the compression ratio for 
each cylinder in the engine at low load conditions. One Such 
attempt has been to provide a variable compression ratio 
assembly where adjustments are made to the piston travel or 
the cylinder Volume to allow for an overall higher compres 
Sion ratio, while at high loads reducing the compression ratio 
to avoid knock. These Solutions, however, add great cost and 
complexity to the overall engine. Further, One of the main 
disadvantages of Spark ignition engines relative to other 
known engines, Such as diesel, are their inability to operate 
with a high compression ratio. Generally, Spark ignition 
engines (Otto cycle engines) with higher compression ratios 
are more efficient, thus improving fuel economy. To prevent 
knock in a Spark ignition engine, its compression ratio must 
be restricted to much lower values than those used in other 
engines Such as diesels, and this is an important factor 
contributing to its lower fuel efficiency relative to diesel. 
Thus, by permitting the Spark ignition engine to operate with 
a high compression ratio without knock, it can Substantially 
increase the engine efficiency. 

Generally, then, a fixed compression ratio is the economi 
cal way to design an engine. For an engine, nonetheless, the 
compression ratio has to be held below an upper limit at 
heavy load conditions to prevent knocking. Consequently, it 
operates at this low compression ratio condition even for 
low and medium load conditions where knocking is not a 
concern and a higher compression ratio would operate more 
efficiently. Further, this limits the ability to operate without 
throttling the air flow. 

The reason for the knock at full-load conditions is that the 
amount of combustion generated heat is great, which in turn, 
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2 
leads to an excessive temperature of the unburned gas 
fraction in the cylinder and hence the onset of knock. This 
puts a limit on the total amount of heat that can be trans 
ferred to the cylinder charge at a given engine Speed during 
compression and combustion. At part-load, when the amount 
of combustion heat is relatively Small, the engine could run 
knock-free with high compression ratio. 
A further attempt to overcome the obstacles to maximiz 

ing engine efficiency relates to the flow characteristics for 
the air/fuel entering the cylinder. Less than ideal fluid flow 
and mixing will result in less than complete combustion, 
slow flame speed and burn rate, or both. Turbulence has been 
recognized as a primary driving force for good combustion 
in Spark ignition engines. The practical and effective ways to 
increase turbulence production during combustion processes 
have been through the Swirl- and tumble-generation devices. 
Split (dual) intake ports is an example of Swirl-generating 
devices and tumble port used in four-valve engines is an 
example of tumble-generating device. Some have attempted 
to improve the flow characteristics by the geometry of the 
intake ports, employing Vanes, or masking in order to 
improve mixing and create a Swirl or tumble flow within the 
cylinder. However, these types of arrangements generally 
create flow restrictions, thus restricting and consequently 
limiting the maximum amount of flow into the cylinder and 
thus limiting the maximum engine output. Further, they are 
expensive to develop and produce. Thus, an inexpensive and 
reliable means for creating turbulence is desired that does 
not create flow restrictions. 

Attempts have been made to overcome Some of the above 
noted obstacles to maximum engine efficiency, but none 
Satisfactorily improves most or all of these limitations of the 
conventional four stroke, Spark ignition engine. 

SUMMARY OF THE INVENTION 

In its embodiments, the present invention contemplates a 
method of operating a Spark ignition, four Stroke, internal 
combustion engine, with the engine including a cylinder 
with an intake port, an exhaust port and a charging port, and 
an auxiliary chamber in communication with the charging 
port, and with a piston within the cylinder. The method 
comprises the Steps of operating the engine with an intake 
Stroke, a compression Stroke, a combustion Stroke and an 
exhaust Stroke; creating a high compression ratio within the 
cylinder during the compression Stroke; variably actuating 
the intake valve in timed relation to engine operation to 
control the amount of air in the cylinder at the time of 
combustion, based upon engine operating conditions, inject 
ing fuel into the air as it passes into the cylinder to form an 
air/fuel mixture; variably actuating the exhaust valve in 
timed relation to engine operation, based upon engine oper 
ating conditions, variably actuating the charging valve at 
high engine load conditions during the compression Stroke 
of the piston wherein the charging valve closes during the 
compression Stroke, compressing the air/fuel mixture past 
the charging valve, while open, into an auxiliary chamber 
and flowing the mixture back out during the compression 
Stroke of the next engine cycle; creating turbulence in the 
mixture flowing from the auxiliary chamber into the cylinder 
during the combustion Stroke of the piston; and cooling the 
mixture while it is in the auxiliary chamber, whereby the 
mixture which circulates back and forth between the cylin 
der and auxiliary chamber is reduced in temperature. 

Accordingly, an object of the present invention is to 
improve the efficiency of a Spark ignition, four Stroke, 
internal combustion engine by controlling the flow into the 
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cylinder by variable engine valve timing rather than air 
throttling, while also providing a higher compression ratio to 
account for this type of flow control by reducing the tem 
perature of the combustion mixture in the cylinder at least 
under high load conditions to thereby reduce the likelihood 
of creating unwanted engine knock. 
A further object of the present invention is to achieve the 

above noted object while also creating turbulence in the fluid 
within the cylinder to provide for increased flame Speed and 
burn rate, thus further improving the efficiency of the engine 
without the need for additional flow restricting means 
employed in the intake ports to the cylinders that typically 
provide Swirl, tumble or turbulence. 
An advantage of the present invention is that fast com 

bustion and higher power output (higher volumetric 
efficiency) is achieved without employing the high cost of 
Swirl, tumble and other turbulence generation devices, 
which restrict the flow into the cylinder. 
A further advantage of the present invention is that a 

turbulence generation chamber, combined with intra-cycle 
chamber cooling, is used on a high compression ratio engine 
to increase fuel efficiency while minimizing cost of the 
overall System by performing both functions with one cham 
ber. By combining variable valve timing from a variable 
Valve timing System with the turbulence generation and 
intra-cycle cooling, the chamber can be used effectively to 
even further increase engine fuel efficiency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic, cross-sectional Side view of a 
cylinder and head arrangement in an engine taken along line 
1-1 in FIG. 3, in accordance with the present invention; 

FIG. 2 is an enlarged View taken from encircled area 2 in 
FIG. 1; 

FIG. 3 is a Schematic plan View of a four cylinder engine 
in accordance with the present invention; 

FIG. 4 is a Schematic diagram illustrating a single elec 
trohydraulically controlled engine valve, which is an 
example of an engine valve uSeable with the present inven 
tion; 

FIGS. 5A and 5B are schematic diagrams illustrating 
engine valve timing for an idle engine operating condition in 
accordance with the present invention; 

FIGS. 6A and 6B are similar to FIGS. 5A and 5B, 
illustrating a light load engine operating condition; 

FIGS. 7A and 7B are similar to FIGS. 5A and 5B, 
illustrating a medium load engine operating condition; 

FIGS. 8A and 8B are similar to FIGS. 5A and 5B, 
Illustrating a heavy load, low Speed engine operating con 
dition; and 

FIGS. 9A and 9B are similar to FIGS. 5A and 5B, 
illustrating a heavy load, high Speed engine operating con 
dition. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIGS. 1-3 illustrate an embodiment of the present inven 
tion in which a cylinder head 12 is mounted on a cylinder 
block 14. The cylinder block includes four conventional 
cylinders 16 with pistons 18 mounted therein, and associated 
water jackets 20 filled with conventional coolant 21. While 
this embodiment illustrates a four cylinder in-line engine, of 
course the present invention applies to engines of various 
configurations and numbers of cylinders. The configuration 
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4 
of each piston 18, cylinder 16 and head 12 is such that a high 
compression ratio occurs during engine operation. A high 
compression ratio engine is one in which the compression 
ratio reaches Somewhere in the range of 10–15:1 on regular 
octane fuel used for light vehicles, rather than a conventional 
engine employed in these vehicles operating at 9-10:1. 
The cylinder head 12 includes air intake ports 22 leading 

into each of the cylinders 16, with fuel injectors 24 mounted 
therein, and exhaust ports 26 leading from the cylinders 16. 
Four conventional Spark plugs 28 are mounted in the cyl 
inder head 12. An intake valve 30 is mounted in each intake 
port 22 and an exhaust valve 32 is mounted in each exhaust 
port 26 for selectively blocking the flow through the respec 
tive ports. 

In addition, the cylinder head includes four charging valve 
ports 34, one aligned with each cylinder 16. A charging 
valve 36 is mounted in each charging valve port 34 for 
Selectively blocking the flow therethrough in a manner 
Similar to the intake and exhaust valves. Each of the charg 
ing valve ports 34 leads to an inlet 39 of a respective one of 
four auxiliary chambers 40 contained within auxiliary hous 
ings 38. Each of the auxiliary housings 38 is mounted to the 
cylinder head 12, and includes a cooling jacket 42 Surround 
ing a portion of the corresponding auxiliary chamber 40. The 
cooling jackets 42 contain a liquid coolant 44 Similar to that 
in the water jackets 20, and in fact can be drawn from the 
Same cooling System if So desired. The Auxiliary chambers 
40 are cylindrical in shape with the inlet 39 directing any 
flow into the chambers 40 off center about the cylinder axis 
in order to create a Swirling motion of the fluid within the 
chambers 40. 

Each of the cylinders 16, then, includes at least three 
Valves for controlling the flow of gasses in each cylinder 16. 
Preferably, these valves have variable timing capability to 
allow for maximum engine efficiency for varying Speed and 
load conditions. 

FIG. 4 illustrates an example of a variable engine valve 
assembly 50 for a single valve of an electrohydraulic val 
vetrain. An electrohydraulic valvetrain is disclosed in U.S. 
Pat. No. 5.255,641 to Schechter, which is incorporated 
herein by reference. This engine valve assembly may be 
employed for the intake valve 30, exhaust valve 32 and/or 
charging valve 36 as illustrated in FIGS. 1-3. 
The valve assembly is as follows. An engine valve 52, for 

inlet air, exhaust gas, or air charging, as the case may be, is 
located within a sleeve 53 in a cylinder head 54. A valve 
piston 56, fixed to the top of the engine valve 52, is slidable 
within the limits of a piston chamber 58. The pressure 
surface area above the piston 56, in an upper volume 60, is 
larger than the pressure area below it, in a lower Volume 62. 

Hydraulic fluid is selectively supplied to the upper vol 
ume 60 through a high pressure port 70 via a high pressure 
hydraulic line 72, and communicates through a low preSSure 
port 69 via a low pressure line 71. The upper volume 60 is 
also Selectively connected to a high pressure fluid reservoir 
64 through a high preSSure check Valve 76 via high pressure 
line 66, or to a low pressure fluid reservoir 68 through a low 
pressure check valve 80 via low pressure lines 71. The lower 
Volume 62 is always connected to the high pressure reservoir 
64. A high pressure Solenoid valve 74 and a low pressure 
Solenoid valve 78 selectively restrict flow between the high 
pressure reservoir 64 and low pressure reservoir 68, 
respectively, and the upper Volume 60. The high preSSure 
Solenoid valve 74 and low pressure Solenoid valve 78 are 
activated and deactivated by Signal from an on-board com 
puter 82. 
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In order to effectuate the engine valve opening and 
closing, a predetermined high pressure must be maintained 
in the high pressure line 66, and a predetermined low 
preSSure, relative to the high pressure, must be maintained in 
the low pressure line 71. The preferred hydraulic fluid is oil, 
although other fluids can be used rather than oil. 

For this valve assembly, the valvetrain consumes oil from 
the high pressure reservoir 64, and most of it is returned to 
the high pressure reservoir 64. The net flow of fluid from the 
high pressure reservoir 64 into the low pressure reservoir 68 
largely determines the loSS of hydraulic energy in the 
System. A Small additional loSS is associate with leakage 
though the clearance between the valve 52 and its sleeve 53. 
A fluid return line 84 provides a route for returning any fluid 
that leaks out back to the System. 

During engine valve opening, the high pressure Solenoid 
Valve 74 opens and the net pressure force acting on the 
piston 56 accelerates the engine valve 52 downward. When 
the high pressure Solenoid valve 74 closes, pressure above 
the piston 56 drops, and the piston 56 decelerates pushing 
the fluid from the lower volume 62 back into the high 
pressure reservoir 64. The low pressure fluid flowing 
through the low pressure check valve 80 prevents void 
formation in the upper volume 60 during deceleration. When 
the downward motion of the engine valve 52 stops, the low 
pressure check valve 80 closes and the engine valve 52 
remains locked in its open position. 

The process of valve closing is similar, in principle, to that 
of valve opening. The low pressure solenoid valve 78 opens, 
causing the pressure above the piston 56 to drop. The net 
preSSure force acting on the piston 56 now accelerates the 
engine valve 52 upward. When the low pressure solenoid 
valve 78 closes, the pressure above the piston 56 rises, and 
the piston 56 decelerates, pushing the fluid from the upper 
volume 60 through the high pressure check valve 76 back 
into the high pressure reservoir 64. In this way, the on-board 
computer 82, which controls the Solenoid valves, can vary 
the valve timing greatly to accommodate engine operating 
conditions. 

As an alternative to the engine valve illustrated in FIG. 4, 
an electronically controlled valve Such as is described in 
U.S. patent application Ser. No. 08/746,593, assigned to the 
assignee of the present invention, can be employed, and is 
incorporated herein by reference. 

FIGS. 5A-9B illustrate timing diagrams for valve lift 
(intake, exhaust and charging) in a four stroke engine, in 
accordance with the engine configuration discussed relative 
to FIGS. 1-3. For these Figs., as with a conventional four 
Stroke engine, the timing is referenced in conventional terms 
of degrees of crankshaft rotation. The timing of 0°-180° is 
referred to as the intake stroke, and 180°-360 is referred to 
as the compression Stroke, which are illustrated in the Figs. 
Marked “A”. The timing of 360°-540° is referred to as the 
combustion stroke and 540-720 is referred to as the 
exhaust stroke, which are illustrated in the Figs. Marked 
“B”. Bottom-dead-center (BDC) refers to the piston 18 for 
that cylinder 16 being at the bottom of its stroke, while 
top-dead-center (TDC) refers to the piston 18 being at the 
top of its stroke. While the intake valve 30, exhaust valve 32 
and charging valve 36 opening and closing timings are 
shown at discrete locations for the various engine operating 
conditions, with the variable timing valves, this is more of 
a continuum between these various conditions with the 
timings varying according to engine Speed/load and other 
operating conditions. 
FIGS.5A and 5B illustrate the poppet valve timing for an 

engine idle condition. During engine idle conditions, it is 
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6 
desired to have the overlap between the intake and exhaust 
valve open conditions within each cylinder 16 Small in order 
to minimize the residual gas fraction. Intake valve opening 
102 begins in the exhaust stroke just prior to piston TDC and 
closing 104 is shortly after TDC in the intake stroke. This air 
intake event is short in order to trap only a Small Volume of 
air in the cylinder 16, thus generally avoiding the need for 
air throttling. The exhaust valve opening 106 occurs during 
the combustion Stroke just prior to BDC and remains open 
throughout the exhaust stroke, closing 108 just after TDC in 
the intake Stroke. The charging valve 36 can be left closed, 
if So desired, as there is no need for cooling of the charge in 
order to prevent knock. Consequently, a conventional Otto 
cycle takes place. 

However, as illustrated in phantom in FIG. 5A, if turbu 
lence in the cylinder is desired for improved fuel/air mixing, 
then the charging valve 36 and auxiliary chamber 40 can be 
employed. Charging valve opening 110 occurs before BDC 
in the intake stroke and closing 112 occurs just after BDC in 
the compression Stroke. Thus, when it first opens, the 
contents of the auxiliary chamber 40 are drawn into the 
cylinder 16, and then before closing, Some contents of the 
cylinder 16 are compressed back into the auxiliary chamber 
40. Turbulence of the fuel/air mixture in the cylinder 16 
generated by the auxiliary chamber 40 during compression 
will Survive the compression cycle. In this way, the turbu 
lence will improve the fuel/air mixing and provide for better 
combustion characteristics, thus improving fuel efficiency 
and emissions. So, if desired, the charging valve 36 can be 
active during the entire range of engine operating condi 
tions. 

Also of note with the engine idle condition is that the 
opening 110 and closing 112 of the charging valve 36 are 
close to BDC of the piston stroke, in this way, the air 
transferred into the auxiliary chamber 40 will not be under 
intense compression, thus minimizing the temperature 
increase of the air due to compression. The temperature 
difference between the air in the chamber and the coolant 44 
will be small, minimizing the heat transfer from the air to the 
coolant. This is desirable Since too low of a temperature for 
the cylinder content at combustion may not produce Satis 
factory combustion characteristics. 

For very low idle conditions, there may be a desire for 
Some throttling in order to assure Some minimum tempera 
ture for the fuel/air mixture in the cylinder 16 at the time of 
combustion, due to the expansion of the fuel/air mixture 
during the Second half of the intake Stroke. However, Since 
the engine is configured to operate with a higher overall 
effective compression ratio, the likely need for throttling is 
reduced since adequate combustion conditions can Still be 
had. Again, with variable valve timing, the particular algo 
rithm used by the on-board computer to determine when the 
charging valve is employed can be set to Sometimes be 
actuated for a given Speed/load condition or not depending 
upon other factorS Such as coolant temperature, cylinder 
temperature, amount of EGR, etc. Thus, the ability to 
operate at a high compression ratio has two advantages, not 
only does it improve the efficiency by improving the com 
bustion characteristics, but it also allows for operation at 
lower idle speeds without the need for throttling, thus 
reducing pumping losses. 

Further, the auxiliary chamber 40, which allows for the 
high compression ratio due to the intra-cycle cooling, also 
creates the turbulence which also improves efficiencies, and 
can use the same charging valve timing as the intra-cycle 
cooling under both partial and wide open throttle conditions. 
This turbulence will replace (or enhance) split port, tumble 
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port, Swirl and other turbulence generation devices to 
achieve fast combustion in Spark ignition engines. Without 
the Swirl or tumble generating devices, the intake air flow 
will be less constrained by the intake port. Therefore, the 
engine can achieve higher Volumetric efficiency and produce 
higher power output for a given displacement engine. 

FIGS. 6A and 6B show the timing for a light load engine 
condition. Again, for this operating condition, the charging 
valve 36 can be left closed as far as the need for cooling of 
the charge is concerned. Thus, a conventional Otto cycle can 
take place if So desired. The intake valve opening 202 is just 
before TDC and closing 204 is well before BDC on the 
intake Stroke, although longer than with the idle condition in 
order to trap more air. The timing charts for FIGS. 6A and 
6B will be identified with similar element numbers, except 
using 200 Series numbers to indicate that the timing may 
have changed. In this way, again, the engine can again be run 
at part load unthrottled, reducing the pumping losses. The 
exhaust valve opening 206 is slightly before BDC and 
remains open throughout the exhaust Stroke. It also remains 
open part way into the intake Stroke, closing at 208, in order 
to provide for internal EGR by pulling Some exhaust gasses 
from the previous combustion event back into the particular 
cylinder 16. 

Again, for turbulence generation reasons, the charging 
valve 36 can be employed for this low load condition. The 
timing of charging Valve opening 210 and charging valve 
closing 212 will be similar to that for the idle operating 
condition. The concern here with poor combustion charac 
teristics is less than with the engine idle condition Since 
more air is drawn into the cylinder 16 during the intake 
Stroke, and low temperatures within the cylinder are not as 
much of a concern. 

FIGS. 7A and 7B illustrate the valve timing for a medium 
load engine operating condition. The timing for intake 
opening 302 and exhaust opening 306 is essentially the same 
as with the light load and idle engine conditions. But, the 
exhaust valve closing 308 is retarded to increase the intake 
and exhaust valve overlap and thus increase the residual gas 
quantity (exhaust), which helps to control nitrogen oxide 
(NOx) emissions. This avoids the need for an external 
exhaust gas recirculation (EGR) system. The timing of the 
intake valve closing 304 is also adjusted to later in the intake 
Stroke in order to trap Somewhat more air in the cylinder 16 
than with the low load condition. The intake valve closure, 
of course, is continuously adjusted based upon the current 
Speed/load requirements for the engine, much as a throttle 
Valve is adjusted in a conventional engine. For this 
condition, then, the need for air throttling is also avoided. 

For this medium load condition in a high compression 
ratio engine, one must assure that in spite of the high 
compression, the charge temperature at the end of the 
compression Stroke is low enough to avoid knock. This is 
accomplished here by cooling part of the air charge. The air 
charge that enters the auxiliary chamber 40 is cooled. It is 
cooled after partial compression in the cylinder 16 when its 
temperature is high enough to assure efficient heat transfer 
to the cooling agent 44, which is more efficient than trying 
to cool the air charge before it enters the cylinder 16. 
To accomplish this, the charging Valve opening 310 

occurs just before BDC during the intake Stroke and closing 
312 occurs well into the compression Stroke, assuring that 
the temperature in the auxiliary chamber 40 is sufficient for 
effective cooling. In the next cycle, near the end of the intake 
Stroke, the charging Valve 36 again opens and the cylinder 16 
is Supercharged with air from the auxiliary chamber 40, 

15 

25 

35 

40 

45 

50 

55 

60 

65 

8 
which mixes with the rest of the cylinder content. After 
preSSure equalization, part of the cylinder content is again 
compressed into the auxiliary chamber 40 for Subsequent 
cooling. 

Consequently, the heat content of the air charge that 
remains in the cylinder 16 at the time of combustion is 
reduced since it contains a fraction from which a certain 
amount of heat was removed. In this process, then, a cooling 
charge of air circulates back and forth between the cylinder 
16 and the auxiliary chamber 40 each cycle, mixing with the 
cylinder air and carrying away exceSS heat from the intake 
charge. Knock is avoided compared to a conventional engine 
if the heat extracted from the auxiliary chamber 40 cancels 
out the additional heat associated with increased compres 
sion ratio. Further, the geometry of the auxiliary chamber 40 
and charging valve port 34 assure a turbulent mixture of 
air/fuel, Still assuring good combustion characteristics. 

FIGS. 8A and 8B illustrate a heavy load, low speed engine 
condition. For further efficiency gains, the intake valve 
closing 404 is late, beyond BDC into the compression stroke 
to increase the quantity of intake air trapped in the cylinder 
16. During this engine heavy load, low speed condition it is 
desired to have the intake and exhaust valve overlap reduced 
by exhaust valve closing 408 taking place immediately after 
TDC. 

For the charging valve 36, during the compression Stroke 
at heavy load, low Speed operation, charging valve opening 
410 occurs early in the compression Stroke just before intake 
valve closing 404. Part of the cylinder charge is then 
compressed through the open charging Valve 36 into the 
auxiliary chamber 40 where it is subjected to the intense 
Swirling motion. The charging Valve closing 412 occurs late 
in the compression Stroke, to maximize compression in the 
auxiliary chamber 40, before the start of combustion. 

This late closure assures that the air in the auxiliary 
chamber 40 is under a significant amount of compression, 
thus raising its temperature. The high temperature differen 
tial between the Swirling hot air inside the auxiliary chamber 
40 and the coolant 44 outside contributes to efficient heat 
transfer. Consequently, the compressed hot air trapped in the 
auxiliary chamber 40 is Subjected to intense cooling during 
the rest of the cycle (intra-cycle cooling). In the next cycle, 
when the charging valve opening 410 occurs, the cylinder 16 
is Supercharged with air from the auxiliary chamber 40, 
which mixes with the rest of the cylinder content. After 
preSSure equalization, part of the cylinder content is again 
compressed into the auxiliary chamber 40. This prevents 
knock in Spite of the high compression ratio. Again, this 
cooling of a portion of the charge permits running the engine 
with a much higher compression ratio than is possible with 
a conventional Otto cycle, thus allowing for increased power 
output from the engine. 

FIGS. 9A and 9B illustrate a heavy load, high speed 
engine condition. This engine condition has similar valve 
timing to the heavy load, low speed engine condition except 
that intake valve closing 504 occurs farther into the com 
pression Stroke in order to take advantage of an intake air 
ram charging effect in order to maximize the Volume of air 
received within the cylinder each cycle. As a result, the 
charging Valve opening 510 is delayed Somewhat to account 
for the later intake valve closing 504. The charging valve 
closing 512 is late to assure high compression in the auxil 
iary chamber 40. Also, since the conventional turbulence 
generation devices do not need to be employed, the maxi 
mum air flow and hence power output is assured. 
While certain embodiments of the present invention have 

been described in detail, those familiar with the art to which 



5,862,790 
9 

this invention relates will recognize various alternative 
designs and embodiments for practicing the invention as 
defined by the following claims. 
We claim: 
1. A method of operating a Spark ignition, four Stroke, 

internal combustion engine, with the engine including a 
cylinder with an intake port, an exhaust port and a charging 
port, and an auxiliary chamber in communication with the 
charging port, and with a piston within the cylinder, the 
method comprising the Steps of 

operating the engine with an intake Stroke, a compression 
Stroke, a combustion Stroke and an exhaust Stroke; 

creating a high compression ratio within the cylinder 
during the compression Stroke; 

Variably actuating an intake valve in timed relation to 
engine operation to control the amount of air in the 
cylinder at the time of combustion, based upon engine 
operating conditions, 

injecting fuel into the air as it passes into the cylinder to 
form an air/fuel mixture; 

Variably actuating an exhaust valve in timed relation to 
engine operation, based upon engine operating condi 
tions, 

Variably actuating a charging valve at high engine load 
conditions during the compression Stroke of the piston 
wherein the charging Valve closes during the compres 
Sion Stroke; 

compressing the air/fuel mixture past the charging valve, 
while open, into the auxiliary chamber and flowing the 
mixture back out during the compression Stroke of the 
next engine cycle; 

creating turbulence in the mixture flowing in the auxiliary 
chamber and from the auxiliary chamber into the 
cylinder during the combustion Stroke of the piston; 
and 

cooling the mixture while it is in the auxiliary chamber, 
whereby the mixture which circulates back and forth 
between the cylinder and auxiliary chamber is reduced 
in temperature. 
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2. The method of claim 1 further comprising the steps of 

opening the charging valve during the intake Stroke and 
closing the charging valve during the compression Stroke for 
other than high engine load conditions. 

3. The method of claim 1 further comprising the step of 
deactivating the charging valve and operating the engine as 
a conventional Spark ignition engine while retaining its high 
compression ratio for Some light load engine conditions. 

4. The method of claim 1 further including the step of 
maintaining turbulent motion of the mixture while inside the 
auxiliary chamber to thereby promote efficient heat transfer 
from the mixture. 

5. The method of claim 1 further comprising the steps of 
opening the intake valve near the end of the exhaust Stroke 
and closing the intake valve during the compression Stroke, 
for medium and high engine load conditions. 

6. The method of claim 5 further comprising the steps of 
opening the exhaust valve near the end of the combustion 
Stroke and closing the exhaust valve during the intake Stroke 
whereby Some exhaust gasses will be drawn back into the 
cylinder through the open exhaust valve. 

7. The method of claim 1 further including the step of: 
providing an electrohydraulic actuation System for variably 
actuating the intake valve, exhaust valve and the charging 
Valve in timed relation to engine operation. 

8. The method of claim 1 wherein the step of creating a 
high compression ratio comprises creating a compression 
ratio of between 10:1 and 15:1 within the cylinder. 

9. The method of claim 1 wherein the step of variably 
actuating the intake valve includes the Step of determining 
the amount of intake air desired in the cylinder for a given 
engine operating condition. 

10. The method of claim 1 wherein the step of variably 
actuating the charging valve includes the Step of determining 
the timing of the charging valve opening and closing desired 
based upon the current engine operating condition. 

11. The method of claim 1 wherein the step of variably 
actuating the exhaust valve includes the Step of determining 
the timing of the exhaust valve opening and closing desired 
based upon the current engine operating condition. 
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